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Abstract Multiple laser beams demonstrate many advan-
tages as energy sources in diamond synthesis. In a reported
amazingly-fast multiple laser coating technique, CO;, gas
is claimed as the sole precursor or secondary precursor for
forming a diamond or diamond-like carbon, which remains
poorly understood. The absorption coefficient changes un-
der the irradiation of multiple lasers are one of the keys
to resolve the mysteries of multiple laser beam coating
processes. This study investigates the optical absorption in
CO; gas at the CO; laser wavelength. The resonance ab-
sorption process is modeled as an inverse process of the
lasing transitions of CO; lasers. The well-established CO;
vibrational-rotational energy structures are used as the ba-
sis for the calculations with the Boltzmann distribution for
equilibrium states and the three-temperature model for non-
equilibrium states. Based on the population distribution, our
predictions of the CO, absorption coefficient changes as a
function of temperature are in agreement with the published
data.
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Nomenclature

a: average interatomic spacing

Aj1:  spontaneous transition probability (rate)

E;: energy level

gool:  rotational statistical weights of quantum levels of

001

g100:  rotational statistical weights of vibrational
quantum levels of 100
h: Planck constant
: index in the numerator in (6)
J': index in the denominator in (6)
kp: Boltzmann constant
K: constant in (4)
I: length of the laser-gas interaction zone
n: constant in (4)
ng: populations of the ground state
ni: populations of the 100 state
ny: populations of the 010 state
nj3: populations of the 001 state
naps:  number density of the gas
N: total number of molecules

Np aps: average number of absorbed photons
P(¥): population densities

Pg: gas pressure

RII: twofold vibrational degeneracy of [T states
T: temperature

Ti: vibrational temperature of 100
T»: vibrational temperature of 010
T3: vibrational temperature of 001
Tie: translational temperature

Trot: rotational temperature

T.: characteristic temperature

partition function

@ Springer


mailto:jianglan@bit.edu.cn

200

L. Jiang et al.

Greek symbols

o: absorption coefficient

Al wavelength

T: radiative life time for the transition

o: absorption cross section

Vo: frequency at the line center

Ve! optical broadening collision frequency

Avg:  full width at half-maximum

UR base frequencies of the harmonic oscillators of
symmetric stretch mode

V2! base frequencies of the harmonic oscillators of
bending mode

V3: base frequencies of the harmonic oscillators of

asymmetric stretch mode

1 Introduction

Laser-assisted diamond synthesis processes, especially mul-
tiple laser beam coating techniques, demonstrate unique ad-
vantages over conventional methods [1-7]. However, the
fundamental mechanisms involved in the processes are not
well understood [1, 5-10]. In a reported high-speed multiple
laser coating process [5—7], CO; gas is claimed as the sole
precursor or secondary precursor for forming a diamond or
diamond-like carbon, which remains poorly understood and
unverified. This astonishing coating technique [5—7] needs
further careful scientific investigation and substantiation.

The absorption coefficient changes under the irradiation
of the multiple lasers are one of the keys to resolve the mys-
teries of multiple laser beam coating processes. As a first
theoretical step, this study investigates the optical absorp-
tion in CO; gas at the CO, laser wavelength. Strilchuk and
Offenberger [11] measured the resonant absorption coeffi-
cient in CO, gas at 350-1600 K. Their results were com-
pared with the theory of Munjee and Christiansen [12] for
mixed mode contributions to absorption. The experiment
was an extension of the earlier simple measurements of
absorption in CO; at 10.6 um wavelength by Gerry and
Leonard [13]. However, the CO, gas being irradiated by
a laser can be in a non-equilibrium state, in which energy
distributions at different levels cannot be characterized by a
single temperature. Vibrational, translational and rotational
energies shall be characterized by their own temperatures
individually. Hence, a five-temperature model and a three-
temperature model were introduced for laser heating of CO,
gas [14, 15].

This paper investigates the resonance absorption process
as an inverse process of the lasing transitions of CO; lasers.
The calculated temperature-dependent absorption coeffi-
cient will then be incorporated in a 3D CO» gas flow model
to consider the fluid properties such as species, pressures,
velocities, and temperatures in coating processes. This will
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further be used to theoretically reveal the role of the CO,
laser in multiple laser coating.

In this study, the well-established CO; vibrational-
rotational energy structures [14] are used as the basis for
the calculations: each vibrational energy level is modeled
as a quantum harmonic oscillator with a characteristic fre-
quency and the thermal distribution of rotational levels. In
equilibrium states, the populations at excited vibrational-
rotational energy states are determined by the Boltzmann
distribution at a certain translational temperature. In the non-
equilibrium states induced by powerful laser irradiation, the
three-temperature model (translational temperature and vi-
brational temperatures for the excited levels of 001 and 100)
[15, 16] is used to calculate the excited-state populations.

2 Modeling
2.1 Absorption coefficient

The absorption coefficient changes under the irradiation of
multiple lasers are one of the keys to resolve the mysteries
of multiple laser beam coating processes. The resonance ab-
sorption of CO; lasers by CO; gas is basically an inverse
process of the lasing transitions of CO; lasers.

Considering the transition from 100 to 001, the resonance
absorption coefficient at the wavelength of 10.6 um can be
written as [11-13]

1 A% ( gooi 1
Ol(?»)=——<—n100—n001 —, (1
47 7 \ g100 Ve

where goo1 and gjoo are the rotational statistical weights for
rotational-vibrational quantum levels of 001, 100; « is the
absorption coefficient; A is the wavelength; v, is the opti-
cal broadening collision frequency; and t is the radiative
life time for the transition. For each contributing transition
where the line is collision-broadened, (1) can be applied.
For instance, at the wavelength of 9.6 um, the correspond-
ing quantum levels are 001 and 020/010.

The radiative life time for the transition, 7, is given by
[11,12]

2 (64r3\ (1 [S(1)K2
== ()G ?

where Aj; is the spontaneous transition probability (rate)
and 4 is the Planck constant. In (2), for a P-branch transition,
S(J2) = Jp + 1 and for a R-branch transition, S(J) = J»
(where J> is the rotational number of 010 state whose value
depends on the transition process [11]). K»; is the J inde-
pendent part of the square of the matrix element of the di-
pole moment. The rotational-vibrational constants of differ-
ent bands are given in reference [12]. A collision Lorentzian
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profile is assumed for the line shape of a single transition at
the given wavelength in (1):

1 (Av/27) 4
ve 1[0 —v0)? + (Ave/2)7’

where vg is the frequency at the line center; Av, is the full
width at half-maximum, which may be written

_ 2Cco, P
 (8wkpT)1/2’

Av, Cco, = KT", “4)
where K and n are constants. K can be determined by the
data from previous measurements [11, 17]: Av, =5.97 x
10° Hz at pressure: P; =1 atm and temperature: 7 = 300 K.

For different transitions due to the near resonant absorp-
tion from mixed modes, the total absorption coefficient is
obtained by repeatedly applying (1)—(4) to the contributing
transitions and summing:

a) =apx(A) +arz(X) + a2rm (X)), (5)

where RII is the twofold vibrational degeneracy of the I7
states and the IT states are treated as though they were vi-
brationally nondegenerate.

At a fixed wavelength, the absorption coefficient is a
function of the populations of both the lower and upper lev-
els of the rotational-vibrational transition (for example, at
10.6 um, 100 and 001 state). By calculating the populations
of the lower and upper levels of the rotational-vibrational
transition, the absorption coefficient and its variation with
temperature can be determined. Population densities are de-
termined by the Boltzmann distribution in equilibrium states
or the three-temperature model in non-equilibrium states.

2.2 Boltzmann distribution

If the CO;, gas is in equilibrium states, all translational
temperature and vibrational temperatures are equal to each
other. The population densities at different energy levels can
be described by the Boltzmann distribution:

exp(—E;/kT)
> exp(—Ej/kT)’
where P(¥;) is the population densities at different energy
levels; E; is the energy level; j' in the denominator is dis-

tinct from the index j in the numerator. Use the definition of
the partition function:

PW)) =

(6)

Z=Y exp(—E;//kT). (7

J

In equilibrium states, the Boltzmann distribution can be
applied to all the vibrational states including highly excited
states, for example:

100, 200, 300, 400, 500, ..., g00 (energy level: ghvy),

010, 020, 030, 040, 060, ..., 0mO0 (energy level: mhvy),
001, 002, 003, 004, 005, ..., 00:i (energy level: i hv3).

For the quantum harmonic oscillator vy (asymmetric stretch),
nioo = noexp(—hvi/kTy) =noexp(—=Tc1/Th),

n200 = no exp(—2hvi/kT1), ®)
n3o0 = no exp(—3hvi/kT1),

where ng is the population of the ground state, and 7 is the
characteristic temperature of the quantum harmonic oscilla-
tor vq.

Since hvj is very small compared with the ionization po-
tential and the population exponentially decreases with ¢,

oo o0
D ngoo Y ngoo=Y_noexp(—qhvi/kTi)
q g=1 q=1

. noexp(—hvy/kTr)
1 —exp(—hvi /kTy)’

where ngo0 represents the population of the g00 (energy
level: ghvy) state.
Then,

Zn ~ noexp(—=T¢1/T1) ©)
7 a0 1 —exp(=Tc1/Th)’

A similar equation can be applied for v, (symmetric stretch
mode) and v3 (bending mode). Then, the partition function
can be obtained by

Z=no+2nqoo+znmoo+znioo. (10)
q m i

The population probability at a specific state is given by

pqmi = Z . (1 1)
2.3 Three-temperature model

Under laser irradiation, the CO, gas can be in a non-
equilibrium state, in which energy distributions at differ-
ent levels cannot be characterized by a single temperature.
However, within each of the vibrational modes, the levels
are strongly coupled by collisions to reach equilibrium and
can be represented by the same temperature [14] because
the thermalization process is very fast due to a small energy
difference within the same mode as compared with those of
intermodes. Hence, within each mode, the Boltzmann dis-
tribution can be established much faster than the intermode
distributions. Since each mode can be considered indepen-
dent, it can have its own temperature. Knowing the temper-
atures, it is possible to determine the population density of
any level.
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In additional to vibrational temperatures, the transla-
tional and rotational energies can also be described by their
temperatures. For CO,, five temperatures can be defined:
Ty (translational temperature); Ty, (rotational temperature);
Ty, T>, and T3 for three excited vibrational levels. How-
ever, the rotational-translational energy transport is fast, so
Tir = Tror- Because of the accidental degeneracy between
100 and 020, it is reasonable to assume that 77 = 7>. Thus
only three independent parameters are required to describe
the laser generated nonequilibrium rotational-vibrational
distribution for CO, molecules. The populations over the
vibrational levels of each of these modes are described by
the Boltzmann distributions with vibrational temperatures
T; i =1,2,3) for CO;y:

ny =noexp(—hvy/kT1),
ny =2ngexp(—hva/kT), (12)
n3 =ngexp(—hvs/kT3),

where ng, n, ny, and n3 are the populations of the ground
state, and 100, 010, and 001 states respectively; vi, v2, and
v3 are the base frequencies of the harmonic oscillators for
the excited vibrations v; = 4.2 x 1013 Hz; v, =2 x 1013 Hz;
and v3 =7 x 1013 Hz [14]. For each vibrational model, a
characteristic temperature, T, is defined so that the product
of the Boltzmann constant kp and the characteristic temper-
ature is equal to the vibrational energy space: kT.; = hv;.
For CO,, T,1 =2000 K, T., =960 K, and T3 = 3380 K.
From the conservation of the vibrational energy,

Np,abs
N

ez:ib = eyib + kp(Te3 — Te1), (13)
which can be interpreted as the energy increase by the laser
excitation being equal to the total energy of the average
number of photons absorbed per molecule. In (13), * means
the excitation state, N is the total number of molecules and
N, abs 18 the average number of absorbed photons per mole-
cule.

The absorbed photon energy is equal to the difference be-
tween the vz mode energy during and before the laser pulse,

N kpT, kT,
p,abskBTc3: Blc3 . B1c3 . (14)
N exp(Te3/T3) — 1 exp(Te3/T) — 1

Thus,

Tc3
T3 = , (15)
1[1( kpTe3 - + 1)

N, abs
p,abs BI3
ket gpmsm=1)

where T is the initial temperature before the excitation. The
average number of absorbed photons, N, aps, is determined
by

Np,abs = Np,incnabso'l» (16)
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where ny,s is the number density of the laser-interacted
species (gas) that is determined by the pressure; o is the ab-
sorption cross section; 1 is length of the laser-gas interaction
zone.

After the CO; laser excitation, the vibrational energies
for CO; can be written as follows (note that v, is doubly
degenerate):

vt — kpTc1 2kpTer
T exp(Te1/T1) — 1 exp(Ta/To) — 1
kB Tc3

—_— 17
exp(Te3/T3) — 1 an

Before the CO; laser irradiation, the vibrational energies
for CO, are

o — kpTc1 2kpTer
T exp(Ter/T) — 1 exp(Tea/T) — 1
kBTc3

exp(Te3/T) — 1 {19

where it is assumed that T;, = T; = T3 before the CO; laser
irradiation.

Using Ty = T», T3/ T3 = T1/ 1,1, and the equations ex-
plained earlier, the excited temperature (or energy) distribu-
tions can be obtained.

In fact, the dimensionless mathematic description in this
section is greatly simplified from the reality. For more real-
istic modeling, the three-temperature model should be com-
bined with a 3D CO, gas flow model [15]. Also, the ab-
sorption coefficient changes explained earlier should be in-
cluded, which is critical for multiple laser interactions in
multiple laser beam coating processes.

For comparison purposes, the initial temperatures and
pressures of the CO; gas are selected based on the published
experiment conditions [11, 12]. In our calculations, the CO,
laser operation parameters (PRC XL1500) are assumed to
have

Power: 50-1500 W

CW mode

Beam diameter: 0.3—-14 mm
Irradiation time: 1 second

3 Results and discussion

3.1 Population densities

Shown in Fig. 1, as expected, we see that populations of the
ground state and higher excited levels are monotonous func-
tions of the temperature. For example, at room temperature,
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Fig. 1 Population densities in equilibrium states as functions of the
temperature

most molecules are in ground states,

ng (000) 92%,
n1 (100) 0.1%,
ny (0104 020) 7.6%,
n3 (001) 0.001%,
Other 0.3%,

while at 2000 K, the higher excited states become populated:

ng (000) 19.9%,
n1 (100) 7.3%,
ny (0104 020) 24.5%,
n3 (001) 3.6%,
Other 44.7%.

Larger populations at higher energy levels imply that
more possible contributing transitions may be involved,
which tends to increase the absorption coefficient. Hence,
generally speaking, a higher temperature typically leads to
higher absorption coefficients, which was also experimen-
tally observed [18, 19]. However, this tendency may not
always be true, especially for resonance absorptions, in
which the population densities at specific levels dominate
the light-matter interaction. For CO, gas at the wavelength
of 10.6 um, according to (1), the populations at 001 and 100
are critical. At the wavelength of 9.6 um, the populations at
001 and 010/020 are critical. Figure 1 shows that the popu-
lation at 010 and 020 increases with the gas temperature to
about 1000 K and then decreases.

For CO; gas at the wavelength of 10.6 um, 001 (n3) and
100 (n1) are most important. Figure 2 shows the population
distributions of the symmetric stretch mode with the charac-
teristic frequency of v;. At room temperature, higher excited
states (200, 300, 400, . ..) are almost empty. At 2000 K, the

8 T T T T T T T v T

6F 100,200, 300...900 7

Excited population of harmonic oscillator w1 (%)

200 400 600 800 1000 1200 1400 1600
CO2 temperature(K)

1800 2000 2200

Fig. 2 Population of the quantum harmonic oscillator with the char-
acteristic frequency of vy

001,002,003,..009

Excited population of harmonic oscillator w3 (%)
-
L

)

0 50 100 150 200 250 300 350 400 450 500
Laser power(\W)

Fig. 3 Population of the quantum harmonic oscillator with the char-
acteristic frequency of v3

population at the energy level of 200 is 2.7% and at the en-
ergy level of 300 is 1%. The case of asymmetric stretching
is shown in Fig. 3, which demonstrates similar observations
with that of the symmetric stretching. However, the popu-
lations of the asymmetric stretch mode are even lower due
to the higher characteristic frequency of the harmonic quan-
tum oscillators. In non-equilibrium states under the laser ir-
radiation, as expected, the population of 100 (v) decreases,
because some molecules are excited to the state of 001 (v3)
as shown Figs. 4 and 5. At the wavelength of 10.6 um, the
populations of 100 and 001 can become the same due to
laser-induced saturation, as shown Figs. 4(b) and 5(b).
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Fig. 4 Population of the quantum harmonic oscillator with the char-
acteristic frequency of vy at 900 K

3.2 Absorption coefficient

According to the previous analysis, at high temperatures, the
absorption calculation is complex due to the large number
of transition possibilities. Hence, our model in this paper
for the absorption coefficient is intended for a temperature
lower than 1800 K.

According to (1), if the wavelength is fixed, for example,
10.6 um, the resonance absorption coefficient is a function
mainly of the populations of 001 and 100 states. In this case,
by combining the coefficients, the equation can be explicitly
written as

a = €1001100 — €0017001 - (19)
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Fig. 5 Population of the quantum harmonic oscillator with the char-
acteristic frequency of v3 at 900 K

Similarly, for the wavelength of 9.6 um, the correspond-
ing absorption coefficient can be expressed as a function of
001 and 020 (010).

As shown in Fig. 6, at low temperatures (<500 K), the ab-
sorption coefficient of CO; gas at 10.6 um is linearly propor-
tional to the population of the energy level 100. But at higher
temperatures, the population of 001 must be included, as
shown in Figs. 6 and 7. Our predictions are in agreement
with the experimental data, shown in Fig. 7, which vali-
dates the effectiveness of our model in the given temperature
range. Also, the increase of absorption coefficient with tem-
perature can play a key role in photodissociation and ioniza-
tion of CO; gas in multiple laser beam coating.

At low temperatures, the CO; resonant absorption at 10.6
pm is dominated by the populations of the 001 and 100
states. Hence, (19) is a good approximation for the reso-
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Fig. 6 Absorption coefficient calculated by the lower level of the ro-
tational-vibrational transition only
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Fig.7 Absorption coefficient calculated by the populations of both the
lower and upper level of the rotational-vibrational transition

nance absorption at low temperatures as shown in Fig. 7.
At higher temperatures, larger populations at higher energy
levels imply that more possible contributing transitions may
be involved, which makes excitations at higher energy lev-
els play a more important role. Hence, (19) works less accu-
rately at higher temperatures, as shown in Fig. 7. Thus, (19)
is used for temperatures lower than 1800 K in this study.

4 Conclusions

This study investigates the optical absorption in CO, gas
at the CO; laser wavelength. This resonance absorption
process is modeled as an inverse process of the lasing tran-
sitions of CO; lasers. The well-established CO, vibrational-
rotational energy structures are used as the basis for the

calculations: each vibrational energy level is modeled as
a quantum harmonic oscillator with a characteristic fre-
quency and the thermal distribution of the rotational levels
is described by the Boltzmann distribution. In equilibrium
states, the populations at excited vibrational-rotational en-
ergy states are determined by the Boltzmann distribution at
the same temperature. In the non-equilibrium states induced
by powerful laser irradiation, a three-temperature model is
used to calculate the excited-state populations. Our predic-
tions of the CO, absorption coefficient change as a function
of temperature are in agreement with the published experi-
mental data.

It is theoretically discovered/confirmed that (1) the pop-
ulation at the energy levels 010 and 020 increases with tem-
perature to about 1000 K and then decreases, after which the
higher excited states become significant; (2) at low tempera-
tures (<500 K), the absorption coefficient of CO; gas at the
wavelength of 10.6 pum is linearly proportional to the popu-
lation at the energy level 100; and (3) at higher temperatures
(500-1800 K), the absorption coefficient of CO; gas at the
wavelength of 10.6 um can be precisely determined by the
populations at the energy levels 100 and 001. The increase
of absorption coefficient with the temperature can play a key
role in photodissociation and ionization of CO, gas in mul-
tiple laser beam coating.
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